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Through their semi-natural and agricultural areas, peri-urban regions are pivotal in providing 19 ecosystem services (ES) to city dwellers. To quantify the ES provided by these areas, it is 20 possible to use ES mapping methods. Many ES mapping methods rely on land cover maps, 21 but most maps are coarse compared to the peri-urban scale. Nevertheless, readily-available 22 land use data and methods are often used to map ES at such scales, without contextualisation.
23
As a result, such methods may not be able to capture the diversity that is present in the peri-24 urban vegetation, which could have consequences for their accuracy and furthermore for 25 urban planning policies. 26 27
To increase our understanding of the applicability of ES mapping methods in peri-urban 28 regions, we assessed to what degree sites with similar plant composition in the green belt of 29 Paris, France, were also projected to have similar ES bundles. We considered two commonly 30 used ES model types: proxy-based models (here: look-up tables) and phenomenological 31 models. We used 252 sites for which botanical survey data were available and applied the ES 32 models to seven ES relevant in the peri-urban context. A cluster analysis was used to group 33 sites, hence facilitating analyse of the spatial congruence between types of vegetation and 34 bundles of ES.
36
Clustering sites based on plant composition revealed six distinct clusters. Clustering sites 37 based on ES bundles as estimated by phenomenological models and proxy-based models, 38 resulted in four and two clusters, respectively. The proxy-based clustering only highlighted 39 broad-leaved forests as an important ES supply source. The phenomenological model 40 estimates of ES allowed a more nuanced clustering of sites into four different groups. The 41 level of congruence between the different sets of clusters based on plant composition and 42 estimated ES bundles was low. Except for forests, the commonly used ES models tested here 43
were not able to represent the same level of heterogeneity in the peri-urban landscape as was 44 found in the vegetation. Our results demonstrate the need to integrate finer scale approaches 45 and primary data in ES assessments of peri-urban areas. 46 47 Other approaches assess ES based on the functional relationship between the traits of plant 75 communities and the provision of ES (Díaz et al., 2007) , hence overcoming some of the 76 uncertainties of methods primarily using land cover. However, studies linking plant functional 77 traits and ES are mostly local, given the data-intensity and complexity of such models. This 78 challenges the transposition of trait-based methods to more complex landscapes, and to larger 79 spatial scales (Lavorel et al., 2011 belt has never been strictly embedded or enforced in land cover management and spatial 152 planning. As it has been discussed elsewhere (Allen, 2003; Simon, 2008) , drawing limits to 153 peri-urban areas is not an easy task as land use is characterised by hybridization and 154 heterogeneity. Here, the area consists of a patchwork of land cover types where woodland, 155 cropland, semi-natural land and urban land coexist and where almost four million people live 156 (Roussel, 2016) . For these people, as well as for inhabitants of the city of Paris itself, the 157 region provides important benefits for well-being through ES provision. The pressure on non-158 built-up areas has recently risen again with the Grand Paris project for which an extended 159 transportation network is planned (Belkind, 2013) as well as new economic and housing 160 developments (Gallez, 2014) . In this context, which is applicable to many cities worldwide, it 161 is even more relevant to understand the distribution and composition of peri-urban vegetation 162 and the ES it supplies. 163 164
Introduction
In order to apprehend the spatial complexity of the green belt area, three study areas were 165 selected to represent the landscape diversity of the area (see squares in Fig. 1 , detailed in Fig.  166 2). 167 168 169 The first area ( Fig. 2A Pierrelaye) 
236
To map ES for the study area, we employed two types of methods: first, as a baseline, ES 237
were mapped with a proxy-based approach, using an ES assessment matrix (Burkard et al., 238 2012). Second, phenomenological ES models were applied to the study areas to see whether 239 they would refine the estimate of ES supply as compared to the matrix method. Seven 240 services were considered: air quality regulation, global climate regulation, flood protection, 241 pollination, wild food provision, erosion regulation and recreation. Selection of services was 242 based on their relevance in a peri-urban context, and on availability of phenomenological 243 models to map them. in ES assessment in a peri-urban context. 253
2.3.2.Phenomenological models
254
All the ES values for the 252 sites were extracted using GIS software. All ES models were 255 developed at EU level referring to EU level data. We directly applied it to our study areas 256 unless it was possible to modify the land cover data inside the GIS model. This was the case 257
for the carbon sequestration model, which has been adapted to our study area, that is the Île-258
de-France Region, in order to obtain more precise values. The initial models were built on 259 1km resolution land cover types. We were able to run it with CORINE land cover resolution 260 (100x100m). The erosion regulation model we used was already based on CORINE land 261 cover classes. Even though data have different resolutions, the purpose is to create the most 262 precise bundle of ES. 263 264
Air quality regulation was expressed through nitrogen dioxide (NO2) removal by urban 265 vegetation in ton/ha/year. NO2 is one of the main pollutants emitted by transports, industries 266 and households. The indicator is calculated as the product of dry deposition velocity and 267 pollutant concentration at a 100m resolution (Lavalle et al., 2015) .
Global climate regulation is quantified through carbon sequestration (Schulp et al., 2008 
303
To assess the level of congruence between plant composition and ES models, we applied a 304 hierarchical cluster analysis to our data (Kent, 2012, Milligan and Cooper, 1987 
Results
332
This section is divided in three parts: we first present the clustering per dataset (3. 
363
The three study areas show three different profiles in terms of vegetation types (Figure 3 ).
364
Study area A is the most balanced, plant clusters 1, 2 and 5 being present in the same 365
proportions, ahead of plant clusters 3 and 4. This confirms the rationale for which the area 366 was selected, i.e. for its landscape heterogeneity. Study area B is dominated by cluster 5 and 367 cluster 1 is absent. It confirms the criteria of intensive agriculture to select this area. Plant 368 cluster 6 is only found in study area C, confirming the hydrological criteria used to select it 369 (valley). It also has the most wooded sites among all, clusters 1 and 4 are both most abundant 370 in this area. 371 
Proxy-based model clusters
372
Sites fell into two distinct clusters according to the proxy-based model estimates (Table 2) . 373
The first cluster comprised 169 sites, consisting of all sites that have land cover other than 374
Broad-leaved forest. For almost all ES the capacity was low (0 or 1 out of 5, Table 2), except  375 for Recreation, which had a medium capacity of 2.5. The second cluster only comprises sites 376 classified as Broad-leaved forest (83 sites from areas A and C). This cluster shows high 377 capacity for nearly all ES, except flood protection (Table 2) . 378 379 Table 2 : CORINE land cover types present in the study area, number of survey sites within each land cover 380 type, and associated supply of the seven selected ES, as estimated using the ES matrix approach (Burkhard et al. 
384
Based on the phenomenological model results, sites were clustered into four groups (see 385 suppl. material). For interpretation, phenomenological clusters are listed against CORINE 386 land cover classes (Table 3) . 387 388 
433
The similarity between plant clusters and phenomenological model clusters is also low given 434 the Jaccard values (Table 4) 
ES levels in study areas
445
As the three study areas were chosen in reference to specific types of landscapes (Fig. 1) , it is 446 valuable to see whether the ES bundles estimated by the two model types reflect this 447 difference, too. 
457
For proxy-based models, the round shape of the spider diagrams for all three study areas 458 suggests the areas do not differ in the bundle of services provided, but only slightly in the 459 amount of services provided. Study area B shows below average ES values, which is 460 explained by the absence of sites classified as broad-leaved forest (even though, according to 461 the vegetation data, 9% of the sites contains woodland vegetation (Fig. 3) ). Although study 462 areas A and C do possess broad-leaved forest sites, they show average supply because they 463 are also a mix of several land cover types. 464 465
For phenomenological models, the contrast is stronger between the three study areas. Also 466 here study area B has the lowest overall ES provision compared to A and C, but the bundles 467 are not as balanced as with proxy-based model. Study areas A and B stand out in terms of 468 flood regulation, while this service is lower in area C, where edible species richness, 469 pollinators visiting probability, erosion control, air quality regulation and carbon sequestration 470 values are the highest. 471
ES levels in site clusters
472
To compare ES values of the two modelling approaches in all of the clusters, mean ES values 473 were calculated over the sites per cluster, for each of the two modelling approaches 474 (analogous to the mean ES values for the study areas in the previous section). (Fig. 5 panels a,  475 b, c). Like with study areas, proxy-based model estimates (red lines) are consistently round in 476 shape, suggesting all clusters provide the same ES bundle, just in different quantities. The In terms of ES bundle size, models largely agree: e.g. when the Proxy-based model estimates 481 a small bundle, so do the Pheno models (e.g. for Proxy-Cluster1 (Fig.5, panel a) 
SPATIAL CONGRUENCE OF VEGETATION AND ES BUNDLES
497
The phenomenological model estimates of ES allowed a more nuanced clustering of sites 498 (four clusters) than proxy-based model estimates of ES (two clusters). This indicates that 499 phenomenological models created more pronounced bundles than the proxy-based model, 500 which only highlighted broad-leaved forests as an important ES supply source (Figs. 4 & 5) . 501
Clustering based on plant composition was most detailed, yielding six distinct clusters. To 502 decide on an appropriate number of clusters we looked for clear breakpoints in each of the 503 dendrograms (Norusis and SPSS, 2011; see suppl. material). That is, we assessed the distance 504 between two clustering nodes, in relation to the agglomeration values used to build the 505 dendrogram. In our study, the clustering of sites was very different for each of the three 506 datasets, with only a clear breakpoint for proxy-based model ES estimates. For the plant 507 clusters and to a lesser degree, the phenomenological clusters, clear breakpoints were lacking. 508
For these datasets, we therefore interpreted the dendrograms using expert knowledge of the 509 study area, to decide on relevant cut-off values. There are also other ways of deciding on 510 the optimal number of clusters to use, such as using equal distance between clusters, a 511 similar number of sites per cluster etc. (Hennig et al. 2015) . There is no consensus, 512
however, on what is the best method (Dimitriadou et al., 2002; Milligan and Cooper, 513 1985) . Therefore, we decided to follow an approach that helped to best represent the 514 specifics of the study area in the clusters identified. 515 516 517
There Second, the land cover data used in the ES models mismatched with the actual, on the ground 537 plant composition. Indeed, the proxy-based model cluster that represented broad-leaved forest 538 sites (Proxy-Cluster2) did also include non-forest sites and failed to include actual forest sites 539 (Table 4) . Such mismatch can be due to a lack of thematic resolution (the number of land 540 cover classes) in the land cover data, or due to coarser spatial resolution of the land cover 541 data. Eigenbrod et al. (2010) detected such a mismatch between primary data and proxy-based 542 ES models using larger mapping units at a national scale. As we show here, the use of 543 standard land cover data such as CORINE data faces limitations when applied in 544 heterogeneous landscapes, including peri-urban contexts. With a minimum mapping unit of 545 1ha, smaller patches are not represented in CORINE, leading to noise in the ES estimated for 546 such areas. For sites representing forested areas (both model types) and agricultural areas 547 (phenomenological models) the congruence with plant composition was relatively high (Table  548 4). This can be explained as the forest and agricultural patches are typically larger, increasing 549 the chances of being correctly classified in generic land use data sets. On the contrary, the 550 cluster analysis of plant composition revealed specific contexts such as herbaceous 551 paths/fallow vegetation or small woodland/shrub vegetation patches in broader intensive 552 cropland areas that showed a low congruence with ES bundles (Table 4) . As a consequence, 553 in homogenous intensive cropland landscapes, both proxy-based and phenomenological 554 methods showed low ES supply (Fig. 4) . However, those small landscapes elements do 555 enhance heterogeneity in the landscape, so we could expect some ES supply too (e.g. wild 556 food provision, pollination or erosion regulation) as it has been shown elsewhere (Björklund, We used cluster analysis to assess the congruence in the spatial distribution of ES bundles 579 compared to vegetation types. The clustering based on plant data did result in the grouping of 580 sites, which could be considered to have different vegetation types. As a step forward, one 581 could consider using finer vegetation maps to assess this congruence or even direct ES 582 quantification. For a different purpose (biodiversity conservation) using different methods 583 (phytosociology), the French National Botanical Conservatory for the Parisian Basin 584 (CBNBP) carried out a study of the vegetation throughout the entire Île-de-France region, 585 mixing botanical surveys and extrapolations from aerial photographs analysis (Ferreira et al., 586 2015) . About 100 communities have been mapped at 1/10 000 scale to help decision making 587 in conservation projects. Trait-based methods can be used to evaluate ES supply at such 588 refined scales (Díaz et al., 2007 
